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This invention relates to capacitor structures for metal-oxide-semiconductors 
(MOS), and in particular, to a multilayer pillar array capacitor stmcture for deep sub-inicron 
complementary MOS (CMOS). 

Conventional capacitor stmctures for deep sub-micron CMOS are typically 
constructed with two fliat parallel plates separated by a thiri dielectric layer. The plates are 
formed by layers of cbriductiye material, such as metal or polysilicon. the capacitor structure 
is usually isolated from the substrate by ah underlying dielectric layer. To achieve high 
capacitance density in these structures, additional plates are provided; Fig. 1 illustrates a 
conventional multilayer parallel plate capacitor structure 10 in a deep sub-micron CMOS. 
The capacitor structure 10 includes a vertical stack of electrically conductive lines 12 
separated by dielectric layers 13. The conductive lines 12 and dielectric layers 13 are 
constructed over a semiconductor substrate 1 L The conductive lines 12 form the plates or 
electrodes of the capacitor 10. The plates 12 are electrically connected together in an 
alternating manner such that all the "A" plates are of a first polarity and all the "B" plates are 
of a second polarity, opposite to the first polarity. 

A major limitation associated with parallel plate capacitor stmctures is that the 
minimum distance between the plates does not change as geometries in CMOS processes are 
scaled down. Heiiee, gains in capacitance density are not realized during such down scaling. 

Various other capacitor structures with high capacitance densities, such as 
double polysilicon capacitors and gate-oxide capacitors, are known in the art. Double 
polysilicon capacitors, however, do not lend themselves to deep sub-micron CMOS 
processes. Gate-oxide capacitors are generally not used in deep sub-micron CMOS processes 
because they have large gate areas which caiise yield and reliability issues, they generate 
capacitances which vary with voltage, and may experience high voltages that can breakdown 
the gate-oxide. 

Trench capacitor structures for dynamic random access memories (DRAMs) 
have high capacitance densities. Such capacitors are formed by etching a trench in the 
substrate and filling the trench with conductive and dielectric material to form a vertical 
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capacitance structure. However, trench capacitors are costly to fabricated because they add 
etching and trench filling processes. 

Interdigitated capacitor structures are used in microwave applications. These 
capacitors have closely placed, interdigitated conductive line structures which produce 
fringing and cross-over capacitances therebetween to achieve capacitance.^ However, the 
cross-over capacitance produced by interdigitated capacitors is limited to a single conductor 
level/ • ' ' . : ■ ■ ■ 

Accordingly, a. need exists for an improved capacitor structure for deep sub- 
micron CMOS structures, having a high capacitance density which increases Y^th shrinking 
semicpnduLCtor process geometries. 

A ciapacitor structure, espeeiaUy for use in deep sub-iiu . 
comprising an array of electrically conductive pillars which forni the plates of the capacitor. 
Bach of the pillars Js formed by electrically conductive lines segments froni at least two 
different conductor levels electrically connected by .ari electrically cohductiye via. Dielectric 
material is disposed between the two conductor levels and the pillars of the anay. The pillars 
are electrically connected to opposing nodes in an alternating mamier so that the pillars are 
eleetricaiiy interdigitated. 

The advantages, nature, arid various additional features of the invention will 
appear more fully upon consideration of the illustrative embodiments noSv to be described in 
detail in connection with, accompanying drawings wherein: 

Fig. i is a side elevational view of a conventional paredlel plate capacitor 
structure in a deep sub-micron CMOS; 

Fig. 2 is a perspective view of a multilayer pillar array (MLP A) capacitor 
structure according to an embodiment of the invention; 

Fig. 3 is a side elevational view of the MLP A capacitor structure of Fig. 2; 

Fig. 4 is an sectional view of the MLP A capacitor structure through line 4-4 of 
Fig. 2; . ' 

Fig. 5 is a top plan view of one of the conductor levels in the MLPA capacitor 
structure of Fig. 2 illustrating the conductive line segments; 

Fig. 6 is a perspective view of a MLPA capacitor structure according to a 
second embodiment; 

Fig. 7 is a side elevational view of the MLPA capacitor structure of Fig. 6; 
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Fig. 8 is a sectional view of the MLPA capacitor structure through litie 8-8 of 

Fig. 7; and 

Fig. 9 is a side elevational view of the MLPA capacitor structure according to 
the second embodiment of the invention combined with a conventional parallel plate 
5 capacitor structure. 

It should be understood that the drawings are for purposes of illustrating the 
concepts of the invention and are not to scale. 

10 Figs. 2-4 collectively illustrate a multilayer pillar array (MLPA) capacitor 

structure 20 in a deep sub--inicron CMOS, according to a first embodiment of the invention. 
The MLPA capacitor structure 20 includes a closerpacked, two-directional parallel array of 
electrically conductive, vertical pillars 22 sandwiched between top and bottom parallel inline 
arrays of electrically conductive; horizontal lines 23, 24. The vertical pillars 22 and the 

15 horizontal Unes 23, 24 operate as electrodes for the MLPA capacitor 20. The vertical pillars 
22 generate "cross-over" type capacitances Cc between each other, and "parallel plate" type 
capacitances Cp with the horizontal lines 23, 24. The vertical pillars 22 and horizontal plates 
23, 24 are constmcted over a substrate 21 of semiconductor material in a multiple conductor 
level process (five electrical conductor levels L1-L5 are depicted for illustrative purposes 

20 only). The first conductor level LI defines the bottom parallel array of electrically conductive 
horizontal lines 24, and the fifth conductor level L5 defines the top parallel array of 
electrically conductive horizontsil lines 23. The lines 24 of the bottom array have polarities 
which alternate in an ABABA pattern and the lines 23 of the top array have polarities which 
alternate in a BABAB pattem. Each of the second, third, and fourth conductor levels L2-L4 

25 defines a parallel array of electrically conductive horizontal line segments 25, 26, 27. A first 
dielectric layer 28 fills the space between the substrate 21 and the first conductor level LI; a 
second dielectric layer 29 fills the space between the first and second conductor levels LI, 
L2; a third dielectric layer 30 fills the space between the second and third conductor levels 
L2, L3 and the line segments 25 of the second conductor level L2; a fourth dielectric layer 31 

30 fills the space between the third and fourth conductor levels L3, L4 and the line segments 26 
of the third conductor level L3; and a fifth dielectric layer 32 fills the space between the 
fourth and fifth conductor levels L4, L5 and the line segments 27 of the fourth conductor 
level L4, 
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As best illvistrated in Fig. 3, the conductive lines 23, 24 and conductive line 
segments 25-27 are aligned over each other in vertical in rows R1-R5, The conductive line 
segments 25-27 in each vertical row are electrically interconnected by electrically conductive 
vias 33, 35 which extend yertically througih the fliird and fourth dielectric layers 30, 3 1 . The 
5 vertical rows-Rl-R5 of conductive line segmeints 25-27 and vias 33, 35 form the vertical, 
pillars 22. . : 

As illustrated in Fig. 5, the pillars 22 are electrically ihtferdigitated in both the 
X and Y directions to maximize the cross-over capacitance Cc therebetween. This is 
accomplished as illustrated in Figs. 2-4 by electrically cotmecting the pillars 22 denoted by 
IQ the letter "A" to the top andbottom "A" lines 23, 24 (node A of the capacitor 20) in the first 
and fifth conductor levels Ll^ L5 with a first group of electrically conductive vias 37 which 
extend through the second and fifth dielectric layers 29, 32, The pillars 22 denoted by the 
letter "B" are electrically conhected to the top and bottom "B" lines 23,24 (node B of the 
, capacitor 20) in tlie first and fifth conductor levels LI , L5 with a second group of electrically 
1 5 conductive vias 38 which also extend through the second and fifth dielectric layers 29,. 32. 

The total capacitance Cxptai generated by the MLPA capacitor 20 is equal to: 
: / CTotai ==^ 2:Cc+EGv+2Cp . - . 

where Gc represents the cross-over capacitance between laterally adjacent line segments, Cv 
represents the cross-over capacitance between laterally adjacent vias, and Cp represents the 
20 parallel plate capacitance between vertically adjacent line segments and lines. Hence, the 
MLPA capacitor 20 of the invention makes extensive use of the cross-over capacitances 
generated between the cotiductive line segments 25-27 and vias 33, 35. 

In present state-of-the-art deep sub-micron CMOS technology, coiiductive line 
spacings of about 0.5 microns or less is common. Thus, the minimum distance between the 
25 vertical pillars 22 of the MLPA capacitor 20 is typically equal to or less than about 0.5 

microns. The sub-micron spacings between the pillars 22 of the capacitor 20 increase its the 
capacitance density . as compared to what can be achieved using conventional parallel plate 
capacitors. ' . 

The improvement in capacitance density and capacitance can be seen by 
30 comparing the extracted capacitance values of a conventional multilayer parallel plate 
capacitor similar to the one illustrated in Fig. 1, constructed with 5 levels and having 
dimensions of 16 microns x 16 microns (not including the vias around the capacitor), with a 
MLPA capacitor similar to the one illustrated in Figs. 2-4 constmcted with 5 conductor levels 
and having dimensions of 1 6 microns x 16 microns (using minimum sized vias). Both 



wo 01/99163 PCT/EPOl/06475 

•• , 5 . ■ ■ ■ 

capacitors were constructed in a 0.25 micron CMOS process. The extracted parallel plate 
capacitance and capacitance density of the parallel plate capacitor 40 was 46.6 £F and 0.18 
fF/micron^ respectively, compared to the cross-over plus parallel plate capacitance and 
capacitance density (capacitance Cv of the vias not capable of being extracted) of the MLPA 
capacitor which was found to be 144fF and 0.56 fF/micrbn^ respectively. Because the 
capacitance Cv of the vias was not capable of being extracted, the real capacitance value of 
the MLPA capacitor could actually be larger than ^hat was extracted. 

As the geometries in semiconductor process technologies continue to shrink 
and scale down, the capacitance density of the MLPA capacitor of the invention will 
increase. This is because the minimum width Mw of the conductive lines 23, 24 and line 
segments 25-27, the minimum distance between the vias 33, 35 C(inriecting the line segments, 
and the minimum distance Mj between vertical pillars 22 of the MLPA capa:citor of the 
invention will advantageously decrease. Such capacitance deiisity increases are not possible 
in conventional multilayer parallel plate capacitors because tiie heights or thicknesses of the 
conductor and dielectric levels do not scale down. Hence, the distance between the plates will 
remain about I micron in conventional parallel plate capacitors. 

Figs. 6-8 collectively illustrate a MLPA capacitor sliucture 40 according to a 
second embodiment of the invention, where tiie like elements are identified by the same 
numerals. In this embodiment, vertical pillars 22 like to those described in the previous 
embodiment are sandwiched between top and bottom electrically conductive horizontal plates 
43, 44 of opposite polarity. The pillars 22 in tiie second eiibodiment of the mvention are also 
electiicaUy interdigitated in botii the X and Y directions to majdmize ithe cross^over 
capacitance Cc therebetween. This is accomplished in tiie second embodiment by electrically 
connecting flie pillars 22 denoted by tiie letter "A" to tiie bottom plate 44 (node A of tiie 
capacitor 40) in tiie first conductor level LI witii a first group of electrically conductive vias 
47 tiiat extend tiirough the second dielectric layer 29. The pillars 22 denoted by the letter "B" 
are electrically connected to tiie top plate 43 (node B of tiie capacitor 20) in the fifth 
conductor level L5 witii a second group of electrically conductive viais 48 that extend tiirough 
tiie fifth dielectiic layer 32. 

The MLPA capacitor structure 40 of the second embodiment also provides 
improved capacitance density and capacitance over that of a conventional multilayer parallel 
plate capacitor, although tiiese improvements are somewhat less than that of tiie MLPA 
capacitor of the first embodiment because it does not use cross-over capacitances in LI and 
L5. A MLPA capacitor similar to tiie one illustrated in Figs. 6-8 constructed in a 0.25 micron 
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CMOS process witii 5 conductor levels aad having dimensions of 16 microns x 16 microns 
(using miniTm im sizcd vias), had a capacitance and capacitance density (capacitance Cv of 
the yias not capable of being extracted) of 126 fF and .49 fF/micron^ respectively. . 

As illustrated in Fig. 9, the MLPA capacitor 40 of the second embodiment of 
5 the invention can be combined with a conventional parallel plate capacitor 50 when 

additional conductor levels are available: The parallel plate capaicitor 50 is formed by a third 
horizontal plate 51 in a sixth conductor level L65 and a sixth dielectric layer 52 disposed 
between the fifth and sixth conductor levels L5, L6; . 

Depending on the fabrication techniques used for making the yias, the pillar 
lb array of the MLPA capacitor structure in some embodiments niay not extend up to the fifth 
conductor level L5 as shown in the figtires, and may for example only extend as far as the 
fourth conductor level L4. This ihay occur when the mirumiim dimensions of the vias . 
connecting the first, second, third arid fourth conductor levels L 1 -L4 are smaller than the 
minimum dimensions of the vias. connecting the fourth and fifth conductor levels L4 and L5. 
15 In such enibodiments, the fifth conductor lesyel L5 can include a horizontal plate similar to 

the plate used in sixth level L6 of the embodiment illustrated in Fig. 9. The horizontal plate in 
the fifth conductor level L5 can, be electrically terminated such that it produces a parallel 
plate type capacitance in cooperation with the uppermost conductor level, (the fourth 
conductor level L4) of the MLP A capacitor structure which increases the overall capacitance 
20 of the entire capacitor structure. . / 

The MLPA capacitor structure of the invention is typically manufactured in 
silicon using conventional deep sub-micron CMOS processing. The MLPA capacitor 
structure of the invention can also be manufactured in gallium arsenide or any other suitable 
semiconductor system using conyentional deep sub-micron jprocessing. Manufacturing in 
25 silicon using deep sub-micron CMOS processing/usually involves growing or depositing a 
first layer of silicon dioxide on a selected portion of the silicon semiconductor substrate to 
form the first dielectric layer. The silicon dioxide layer has a thickness in the range of about 
one micron. A first layer of metal, such as aluminvini, or highly conductive polysilicon, is 
deposited on the first dielectric layer of silicon dioxide. This layer of metal is then defined 
30. into the ponductive lines of the first embodiment using well known masking and dry etching 
techniques to form the first conductor level. When making the MLPA capacitor structure of 
the second embodiment, this step forms a plate rather than conductive lines. As mentioned 
above, the width and spacing of the conductive lines (and line segments) are set to the 
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minimum dimensions of the process to enhance the capacitances of the structure, i.e., the 
lines and spacing between the lines are as narrow as possible. 

A second layer of silicon dioxide is then grown or deposited over the 
conducti ve lines or plate to form the second dielectric layer. The thickness of the second 
dielectric layer of silicon dioxide is in the range of about one micron. A plurality of holes, 
which extend down to the first conductor level are defined in the second dielectric layer of 
silicon dioxide and then fiUed with metal or polysilicon using conventional via fabri6ation : 
techniques to form the yertieally extendmg vias in the second dielectric layer. A second layer 
of melai; such as aluminum, or polysilicon, is deposited on the second dielectric layer of 
silicon dioxide and then defined into the conductive line segments of the second conductor 
level. The remaimng dielectric layers, vias, conductor levels, and conductive lines and line 
segments, are fabricated in the same manner as described above. 

One of ordinafy skill in the art will recognized that specialized dielectric 
materials can be used in place of silicon dioxide (siUcon systems) or silicon nitride (gallium 
arsenide systems) to form the dielectric layers, For example a ferro-electric ceramic, such as 
PLZT (lanthanum-modified lead zirconate tantalate) can be used to form the dielectric layers. 
The use of PLZT layers greatly enhances capacitance as PLZT has a dielectric constant of 
approximately 4,700, in contrast to 3.9 for the dielectric constant of silicon dioxide. 

The ordinary skill artisan will further recognize that the MLPA capacitor 
structure of the invention can be useful in many appUcations, such as RF, analog and digital 
applications. RF circuit applications einploy capacitors for matching. The larger the 
capacitance per unit area, the smaller the area and the lower the cost. In analog cu^cuit 
applications, undesirable noise can often be reduced by using large capacitors (KT/C). In 
digital ckcuit applications, large decoupling capacitances are often very important and can be 
easily provided with the capacitor structure of the invention. The capacitor structure of the 
invention also lends itself to being easily programmed into a standard pcell for layout 
generation. 

While the foregoing invention has been described with reference to the above 
embodiments, additional modifications and changes can be made without departing from the 
spirit of the invention. Accordingly, all such modifications and changes are considered to be 
within the scope of the appended claims. 
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1. A capacitor (20, 40) comprising: 

an array of electrically conductive pillars (22), each of the pillars (22) 
including electrically conductive lines segments (25, 26) from at least two different 
conductor levels electrically connected by an electrically conductive via (33); and 
' 5 . dielectric material (30) disposed between the two conductor levels and the 

pillars (22) of the array, the via (33) extending through the dielectric material (3 0); 

wherein the pillars (22) are electrically connected to nodes of opposite . 
electrical polarity in an altemating manner so that the pillars (22) are electrically 
interdigita;ted, and .operate as capacitor plates. 

10 ^ '■ - 

2. The.capacitor (20) according to claim 1, further comprising: 

a third conductor level including a first alray of electrically conduct 
(23) dis^)osfed above tlie pillar array (22), the lines (23) of the third conductor level 
elecffically conriectihg altemating ones of the pillars (22) to the nodes of opposite electrical 
15 polarity; and . / ^ 

a fourth conductor level including a second anray of electrically condu 
lines (24) disposed below the pillar array (22), the lines (24) of the fourth conductor level 
electrically coimecting the remaining pillars (22) to the nodes of opposite electrical polarity. 

20 3. The capacitor (20) according to claim 2, wherein the lines (23) of the third 

conductor level have alternating polarities and the lines (24) of the fourth conductor level 
have altemating polarities, the polarities of the lines (23) of the third conductor level being 
opposite to the polarities of corresponding lines in the foiuth conductor level. 

25 4. The capacitor (40) according to claim 1, further comprising: 

a third conductor level have an electrically conductive plate (43) disposed 
above the pillar array (22), the plate (43) of the third conductor level electrically cormecting 
altemating ones of the pillars (22) to one of the nodes; and 
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a fourth conductor level having an electrically conductive plate (44) disposed 
below the pillar array (22), the plate (44) of the fourth conductor level electrically connecting 
the remaining pillars (22) to the other node, 

5. The capacitor (40) according to claim 4, further comprising at least a fifth 
conductor level having an electrically conductive plate (5i) disposed adjacent and parallel to 
the plate (43, 44) of one of the third and fourth conductor levels, the plate of the fifth 
conductor level being of an electrical polarity vvrhich is opposite to that of the plate (43, 44) of 
the one of tiie third and fourth conductor levels 

6. The capacitor (20, 40) according to claim 1 ^ wherein the pillar aixay (22) 
extends in two directions. 

7. The capacitor (20, 40) according to claim 1, wherein the capacitor (20, 40) is 
constructed over a substrate (21). 

8- The capacitor (20, 40) according to claim 7, wherein the substrate (21) is made 

from a semiconductor material. ' 

9. The capacitor (20, 40) according to clairii 1 , wherein the capacitor (20, 40) 

comprises a sub-micron MOS structure. 

1 0- The capacitor (20, 40) according to claim 1 , wherein the capacitor (20, 40) 

comprises a sub-micron CMOS structure. 

1 1 - The capacitor (20, 40) according to claim 1 , wherein the conductive line 

segments (25, 26) are made from one of a metal material and conductive semiconductor 
material. 
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